Grid synchronization is an adaptive process in which an internal reference signal generated by the synchronization control algorithm allows power converter output signal to work in synchronism with a fundamental component of the grid voltage. Hence, for the converter to perform satisfactorily, it is desired that the control algorithm correctly derives this reference signal from the grid voltages. However, it is a challenging task especially when the grid voltage is characterized by the presence of different grid abnormalities (voltage fluctuation, harmonics, frequency variation and/or distortion, dc offset, switching notches etc.).The issue is more dominant in a microgrid (or a weak grid) where the effect of non-linear loads, faults, sudden load changes etc., are translated in form of distortion in grid voltage, frequency K. R. Patil is with the Department of Electrical Engineering Sarvajanik College of Engineering & Technology, Surat, India. (e-mail: kalpesh.patil@scet.ac.in).
I. INTRODUCTION
Grid synchronization is an adaptive process in which an internal reference signal generated by the synchronization control algorithm allows power converter output signal to work in synchronism with a fundamental component of the grid voltage. Hence, for the converter to perform satisfactorily, it is desired that the control algorithm correctly derives this reference signal from the grid voltages. However, it is a challenging task especially when the grid voltage is characterized by the presence of different grid abnormalities (voltage fluctuation, harmonics, frequency variation and/or distortion, dc offset, switching notches etc.).The issue is more dominant in a microgrid (or a weak grid) where the effect of non-linear loads, faults, sudden load changes etc., are translated in form of distortion in grid voltage, frequency change, imbalance etc. to a greater extent than that in a stiff or strong grid. Such irregularities may introduce measurement and data conversion errors and hence, makes the task of estimating frequency and synchronization difficult. In addition, the microgrid is likely to have variety of distributed generators (DG) interfaced through static converters, which increases the severity of the problem and makes the task of frequency estimation still more difficult [1] [2] [3] [4] .
The frequency estimation can be carried out with frequency-domain or time-domain techniques. The frequencydomain techniques based on the discrete Fourier transform (DFT) suffers from the computational burden, accumulation errors etc. Also, complexity in actual implementation increases in case where the measured signal is highly distorted [5] [6] [7] . Unlike these methods, several advantages of timedomain techniques like; ease of implementation, reliability, good dynamic response, higher accuracy, low sensitivity to the frequency variations and unbalanced grid voltage etc.; have increased the popularity of the time domain approach based on closed loop phase-locked loop (PLL) for estimating the frequency. The basic structure of a PLL comprises of the phase detector (PD) block, filter and a voltage controlled oscillator (VCO). The PD is responsible for adjusting the gain of VCO whose output signal is synchronized (in terms of phase and frequency) with the input reference signal. The classification of PLL with different PD is discussed in [8] [9] [10] [11] . Their performances in single-phase power system network are evaluated under the different grid severity. The three-phase conventional PLL based on the synchronous reference frame (SRF) have superior performance in the balanced grid voltage signal. But, it gives the oscillatory response for the estimated fundamental frequency, if measured grid voltage signal is unbalanced or distorted [12] . The poor performance of the conventional PLL was improved by the technique reported in [13] , which employs decoupled double synchronous reference frame PLL (DDSRF-PLL). The DDSRF-PLL decouples the fundamental positive and negative sequence components to estimate the frequency. It results into accurate estimation in case of unbalanced grid voltage signal. However, performance deteriorates when grid signal is distorted. It is observed that PD structure based on the generalized integrator (GI) have a better performance and reliability [14] This aspect (frequency estimation in presence of the dcoffset) is not fully explored. To target this issue, few methods have been reported [19] [20] [21] [22] [23] [24] . However, they are complex and suggested for single-phase system. Hence, in order to eliminate errors in frequency estimation caused due to presence of the dc offset and other grid abnormalities (e.g. unbalance, harmonics, frequency variation, magnitude variation etc.), a modified DSOGI-FLL (MDSOGI-FLL) for three-phase systems is proposed [25] . The modified SOGI-QSG structure used in the proposed MDSOGI-FLL employs the third integrator to estimate dc component and overcomes its effect in the estimation of frequency. The performance analysis of this structure has been carried out under presence of different grid voltage abnormalities and the superior performance is illustrated through simulation and experimental results. The details of the MDSOGI-FLL and its capability to perform under different conditions are highlighted in the remaining sections.
II. MODIFIED DSOGI-FLL
The section presents the basic configuration and reports the transfer functions of DSOGI-FLL [8] and proposed MDSOGI-FLL. In addition, the procedure for tuning of gain for both these FLL for estimating frequency under various grid abnormal conditions is also presented. Fig. 1(a) shows structure of conventional DSOGI-FLL where the three-phase utility voltages (Vas, Vbs, and Vcs) under balanced condition are defined as
A. DSOGI-FLL: Structure and Transfer Functions
= [V as V bs V cs ] T and Vm, ω and ∅ are the amplitude, angular frequency and phase difference of the grid signal voltage, respectively. Under the assumption of the balanced utility voltages (1) can be represented in stationary reference frame by (2) as
where vαβ = [vα, vβ] T and [Ts] denotes the Clarke transformation matrix represented by (3) [ ] = 2 3 '
The Clarke or αβ0 transform is a space vector transformation of time-domain signals from a natural three-phase coordinate system (abc) into a two-phase stationary reference frame αβ0. The proposed MDSOGI-FLL requires two in-quadrature components in a stationary reference frame, which are thus derived using Clarke transformation. The shaded block showing two SOGI-QSG that represents dual second-order generalized integrators is the key part of PLL or FLL structure. The details of SOGI-QSG are shown in Fig. 1(b) . The v' and qv' signals forms a pair of quadrature signals where ' lags ' by 90º. These signals are used to extract positive sequence components through the Positive Sequence Calculator (PSC shown in Fig. 1(a) ) in the αβ stationary reference frame. The positive sequence components + and + can be utilized to estimate the positive sequence ( + ) of the distorted grid input signal. Apart from filtering, SOGI-QSGs also work as voltage controlled oscillator [10] and thus the approach avoids extra voltage controlled oscillator unlike that in SRF based PLL. A simple auto tune block shown in Fig. 1 (c) is used to adapt the center frequency ′ of the SOGI resonator to the input frequency. The frequency is estimated through the Frequency-Locked Loop (FLL) block adaptively by adjusting the gain (γ) in DSOGI-FLL and thus it discards the PLL block used in DSOGI-PLL. Hence, in the grid abnormalities like sag, swell, variations, phase jump, harmonics etc., the DSOGI-FLL performs extremely well, fast and precisely as compared to conventional SRF-PLL based schemes.
The transfer functions represented by (4) and (5) for bandpass filter (BPF) and low-pass filter (LPF), respectively, are obtained from the standard SOGI-QSGs shown in Fig.1 (b) . They characterize the adaptive filtering structure of it. The bandwidth (or sharpness) of the band-pass filter D(s) and low-pass filter Q(s), can be adjusted by proper tuning of the real positive value of gain k. Hence, the signals v' and qv' are the outputs of the BPF and LPF, respectively, with 90º phase shift between them. Actually, the LPF has a better filtering feature to the high frequencies than the BPF. But the qv' output of this standard SOGI-QSGs suffers from nonzero dc offset present in input grid voltage or the measured grid voltage. It is reflected in the calculation of positive sequence + as shown in Fig. 2 , which shows the response of + and + when sudden frequency change and dc offset are introduced. This leads to inaccurate estimation of fundamental positive sequence components and frequency.
B. MDSOGI-FLL: Structure and Transfer Functions
It is worth noting from the above section that the conventional DSOGI-FLL fails to estimate the frequency accurately when sensed grid signals are characterized by the dc offset. The proposed MDSOGI-FLL structure is similar to that of DSOGI-FLL shown in Fig.1 (a) except the fact that the SOGI-QSGs (Fig. 1(b) ) are now replaced by the modified SOGI-QSGs shown in Fig. 3 .
The modified SOGI-QSGs of Fig. 3 can be described by the following transfer functions (6), (7) and (8) .
where
It is depicted from (6) and (7) that ′ ( ) and ′( ) both have a band pass filtering characteristic and results into the rejection of offset in the in-quadrature components. However, proper tuning of gain parameters k1 and kdc is necessary for it.
C. Gain Tuning of SOGI-QSG and Proposed Structure
The sub-section presents the analysis for determination of the parameters involved in the LPF and BPF transfer functions of DSOGI-FLL and MDSOGI-FLL.
i. Tuning of Standard SOGI-QSG
From (4), the characteristic equation Fig. 3 Block diagram of Modified SOGI-QSG block compared with the standard characteristic equation 2 + 2 + 2 = 0 to obtain the gain k at the damping ratio ζ=0.707 (underdamped system) and natural frequency of oscillation = 2π50 rad/s. The gain k is given by (10).
where settling time = 4.6 × ; = 1
It is essential to have a proper tuning of the gain k to have appropriate bandwidth to discard the low frequency and higher frequency components present in the input signals. (8)), obtained using (10)-(11), for k = 1.41 and ζ= 0.707. It is evident from these plots that D(s) attenuates the low frequency components unlike Q(s) and hence, the dc offset is not eliminated in + .
ii. Tuning of Proposed Modified SOGI-QSG
The parameters k1 and kdc shown in Fig.3 are selected based on the roots of the ∆( ) assuming that all the roots have equal real parts (all three poles have equal natural frequency of oscillation). These parameters are obtained by comparing the ∆( ) represented by (9) with (12) .
To estimate the gain k1 and kdc, 1 = 2 = 2π50 rad/s and ζ= 0.707 (same as that considered for tuning DSOGI-FLL) is considered. The effect of both the gain adjustment is clearly indicated in the bode diagrams of Fig Fig. 4(c) shows bode plot for (8) that represents the performance of third generalized integrator. The magnitude of transfer function Vdc(s) is nearly 0dB till 50Hz indicating no effect on the computation of the low frequency components. However, sudden decrease in the magnitude (large negative magnitude) is observed at 50Hz, which indicates the attenuation of 50Hz (fundamental) component. The attenuation of higher order harmonics also occurs as negative gain is observed for Vdc(s) at frequencies higher than 50Hz. However, it is much lower than that at 50Hz. Thus, the inclusion of third integrator results into large attenuation of fundamental component (also higher order frequencies to a certain extent) allowing only the low order frequencies to pass. Thus, it helps to estimate and eliminate the dc offset accurately from input v of Fig. 3 .
III. SIMULATION RESULTS
The effectiveness of the proposed MDSOGI-FLL is demonstrated through the simulation results obtained in MATLAB/Simulink. The parameter values used in the modified DSOGI-FLL simulation model are as follows: k1=1.28, kdc=0.26 and γ=40. The performance is evaluated for three cases: (i) balanced sag, (ii) imbalance in three-phase supply voltage, and (iii) presence of harmonics. In all the cases it is considered that the dc offset is present due to the measurement or data conversion errors. Fig. 5 (a) presents the case (i) where a step change in amplitude of the grid signal is observed at t=0.15s, where the amplitude decreases from 1per unit (pu) to 0.5pu. Also the dc offset of 0.1pu is introduced at t=0.15s. In addition, at t=0.25s frequency of grid signal suddenly changes from 50Hz (314rad/s) to 45Hz (282.6rad/s). Fig. 5(b) shows that both + and + for MDSOGI-FLL are free from offset, unlike that observed for DSOGI-FLL in (Fig.  2) . The reason being the band-pass filtering capabilities of ′ ( ) and ′( ), unlike DSOGI-FLL where D(s) behaves as BPF while Q(s) behaves as LPF. It is observed from Fig. 5(c) , that the DSOGI-FLL is able to track the frequency accurately only till t=0.15s, and then exhibits oscillatory nature. Also the large dip in the estimated frequency is observed at t=0.25s. Unlike the DSOGI-FLL, the MDSOGI-FLL does not show oscillations and estimated frequency quickly settles down to the final value. The dips at the instant of step changes in amplitude of grid voltage and frequency change are also much less than that observed with MDSOGI-FLL. Unlike case (i), for the case (ii) shown in Fig. 6 , step change in amplitude of the grid signal is considered only for phase 'a'. At t=0.15s, the amplitude of phase 'a' voltage decreases from 1pu to 0.5pu. All other changes are similar to that in case (i).The ripple in the estimated frequency of DSOGI-FLL is less than the earlier case. However, the nature is similar to that observed in case (i). The MDSOGI-FLL once again shows superior performance. Fig. 7(a) harmonics alongwith the dc offset of 0.1pu after t=0.15s.The step change in frequency is applied at t=0.25s as in case (i)and case (ii). Fig. 7(b) displays oscillations in the estimated frequency of DSOGI-FLL, while the proposed MDSOGI-FLL eliminates the oscillation caused by the dc offset. As a result, the grid signal frequency is quickly and accurately tracked. Fig. 8 shows the comparison of different frequency estimation techniques when subjected to a step change in the supply frequency. The supply voltage is considered to have the harmonics, unbalance and the dc-offset. The comparison is carried out for ωn = 2π50 rad/s, ζ= 0.707 to have the settling time of 40ms. Table I shows the settling time for these frequency estimation techniques in -PLL are relatively faster than other techniques. It must response to a step change in the frequency at t=0.25s. SRF-PLL and MDSOGI be noted that except MDSOGI-FLL all other techniques show sustained oscillations in the estimated frequency. Hence, the settling time for these techniques is determined as the time from the step change till the estimated frequency waveform reaches a stage where sustained oscillations with a constant average (dc) value is achieved. The qualitative comparison of these frequency estimation techniques is also provided in Table II to show their capabilities of detecting and rejecting the effect of harmonics, unbalance and dc-offset in the frequency estimation. The proposed MDSOGI-PLL performs well on all the aspect even when the dc-offset is present. Thus, it is not only fast but also accurate under all grid abnormalities. 
IV. EXPERIMENTAL RESULTS
The experimental results are included in this section to validate the effectiveness of the proposed MDSOGI-FLL. The cases considered for simulation are verified experimentally using DSpace DS1104 DSP board as control system. The values of various parameters for which the MDSOGI-FLL is tuned are k1= 1.28 kdc = 0.26 and γ=40, while those for DSOGI-FLL are k = 1.41 and γ=100. The fundamental frequency of the three phase supply voltage and the sampling frequency are 50Hz and 10kHz, respectively. Thus, the same parameters that are considered for simulation through MATLAB/Simulink are adopted for experimental verification. Fig.9 shows the three-phase supply voltage along with the frequency estimated by MDSOGI-FLL. The supply, shown in Fig. 9(a) is initially balanced with 50Hz and then undergoes the disturbances similar to that shown in Fig. 5(a) . Thus, the balanced sag of 50% and even a frequency step change of 10% (frequency change from 50Hz to 45Hz) is applied in the supply voltage. The dc-offset of 10% is superimposed on the supply voltage. The supply frequency estimated by both proposed MDSOGI-FLL and the conventional DSOGI-FLL are shown in Fig.9 (b) . Just like simulation results, the experimental results also depict oscillations in the frequency estimated by the DSOGI-FLL, while MDSOGI-FLL is free from oscillations and is able to correctly estimate the frequency. The difference '∆V' , marked by the difference in the position of the two cursors in Fig.9(b) , indicates the frequency change of 32 rad/s corresponding to change of 5Hz (2 x 3.14 x 5 = 31.4 rad/s) when a step change of frequency from 50Hz to 45Hz (and vice-versa) is applied. The minor variation in the magnitude is due to the limitation of the oscilloscope's resolution. It is clearly evident even from the experimental results that the effect of offset present in supply voltage is very effectively eliminated in the proposed scheme. Fig. 10 shows the comparison of the proposed MDSOGI-FLL structure against the conventional DSOGI-FLL under the conditions similar to that shown in Fig. 6(a) . Voltage sag of 50% is introduced in just one of the phases while the dc offset is present in all the three phases. The three-phase unbalanced voltage signals with above characteristics, used to study the performance of DSOGI-FLL and MDSOGI-FLL, are shown in Fig. 10(a) . Fig. 10(b) represents the comparison of the estimated frequency by both these methods. Frequency obtained through DSOGI-FLL approach once again shows that the estimated frequency is characterized by an oscillatory response, with a 100Hz frequency ripple. Frequency estimated by MDSOGI-FLL not only is free from oscillations, but also has lower frequency dip corresponding to sudden frequency decrease. Thus, the overshoot with the step response with MDSOGI-FLL is less indicating a better transient response.
The immunity of the proposed scheme to the highly distorted signal is demonstrated through the experimental results shown in Fig. 11 . As in Fig.7(a) , the three-phase grid voltage signal shown in Fig. 11(a) is characterized by presence of 5 th , 7 th , 11 th and 13 th order harmonic components with amplitudes of 30%, 10%, 8% and 7% , respectively, with respect to the fundamental. Also, a frequency jump of 50Hz to 45Hz is introduced similar to that shown in Fig. 7(a) . Both these variation in supply voltages are considered along with the presence of dc offset 10%. Fig. 11(b) shows that the estimated frequency of DSOGI-FLL not only has the 100Hz frequency component, but also shows the harmonic distortion due to the effect of harmonics present in the supply voltage. Unlike it, the estimated frequency of MDSOGI-FLL is once again free from the effect of dc offset and exhibits a superior performance with a very little deviation from the average value. The negligible high frequency ripple is due to the harmonics in the supply voltage.
The proposed technique works equally well even in case when the input voltage is characterized by multiple abnormalities. To illustrate the performance of the MDSOGI-FLL under such multiple abnormalities, a supply voltage having harmonics, voltage sag and dc-offset all together, is considered. Fig. 12(a) shows the input voltage signal, which is characterized by the presence of the 5 th , 7 th , 11 th and 13 th order harmonic components with the amplitudes of 30%, 10%, 8% and 7% (with respect to fundamental component), respectively along-with the 10 % of dc offset error. Further a step change (decrease/sag) of 50% is applied in magnitude of supply voltage. Fig. 12 (b) highlights the performance of the proposed MDSOGI-FLL in estimating the grid voltage signal frequency and once again MDSOGI-FLL is found to be superior over DSOGI-FLL. With MDSOGI-FLL, the estimated frequency is not only estimated quickly but is also free from oscillatory nature, unlike that with the DSOGI-FLL technique.
V. CONCLUSION DSOGI-FLL can accurately estimate the frequency of the grid signal under various abnormal conditions except the presence of dc offset. The presence of dc offset in grid voltage introduces a ripple of 100Hz low frequency component in the estimated frequency. This 100Hz ripple is further having the distortion when harmonics are present. This error in the estimation of frequency may affect the synchronization and control of DG based inverter.
The proposed MDSOGI-FLL structure, which consists of the three fundamental blocks: 1) basic SOGI-building block with third integrator; 2) FLL block to estimate the frequency adaptively and 3) PSC block to calculate the positive sequence components; eliminates the ripple present in the estimated synchronized frequency. In MDSOGI-FLL, the third integrator added to the standard SOGI-QSG structure attenuates the dc offset. As a result, in addition to the benefits of the conventional DSOGI-FLL, the proposed method exhibits the capability of rejecting dc offset and hence, can accurately track the frequency of fundamental component of grid-voltage effectively under all grid abnormalities. Simulation and experimental results justify that the proposed MDOSGI-FLL is accurate and shows better transient response than that of DSOGI-FLL. 
